1. Introduction {#s0005}
===============

Altered brain-gut interactions have recently been implicated in a number of conditions, including Parkinson\'s disease ([@bb0235]), autism spectrum disorders ([@bb0130]), depression ([@bb0070]; [@bb0080]), and irritable bowel syndrome (IBS) ([@bb0220]; [@bb0210]). IBS has been referred to as a disorder of altered brain gut interactions ([@bb0085]) characterized by chronic visceral pain and altered bowel patterns. While the specific pathophysiological mechanisms underlying chronic visceral pain in IBS remain incompletely understood ([@bb0260]), evidence for alterations imbalance of endogenous pain facilitatory and inhibitory mechanisms ([@bb0355]) has been suggested as a potential component. Involvement of increased intestinal permeability ([@bb0010]; [@bb0060]; [@bb0115]; [@bb0120]) resulting in gut immune system activation in this process has also been proposed to be involved in IBS pathophysiology.

The bidirectional interactions between the brain and the gut previously reported in preclinical studies are mediated by multiple communication channels, including spinal and vagal afferents, and the two branches of the autonomic nervous system ([@bb0070]; [@bb0215]; [@bb0225]; [@bb0290]). Afferent signaling from the gut to the central nervous system, stemming from changes in gut functioning, can modulate brain function and behavior, while feedback from the central nervous system can affect gut function. Even though in humans the evidence for such bidirectional brain gut interactions is more limited, some studies support the concept that changes in gut functioning can affect mood, behavior, and brain function ([@bb0005]; [@bb0270]; [@bb0350]).

It has been proposed that brain regions related to default mode ([@bb0025]; [@bb0140]; [@bb0150]; [@bb0200]), salience detection, emotional arousal, sensorimotor functions, and central autonomic processing are involved in the processing and response to visceral afferent signals ([@bb0220]). In particular, the default mode network (DMN) has been implicated in the tight coupling of brain regions engaged in self-related processing with those engaged in processing of visceral signals ([@bb0025]). Increased connectivity between the DMN with emotion- and pain-related brain regions has previously been demonstrated in IBS ([@bb0140]), supporting an important role of this network in altered brain-gut interactions.

In addition to specific alterations mentioned above in DMN functional connectivity in IBS, it has previously been reported that in response to both the anticipation and delivery of rectal distension stimuli IBS subjects have altered activation in brainstem regions involved in pain modulation, including the periaqueductal gray (PAG) and rostral ventral medulla (RVM) ([@bb0050]; [@bb0240]; [@bb0345]). The PAG plays a key role in descending pain inhibition ([@bb0040]; [@bb0300]; [@bb0335]), while the RVM is the final relay in the descending control of pain. The RVM receives input from the PAG, rostral anterior cingulate cortex (rACC), and amygdala, and can both inhibit and facilitate pain, making it a key region involved in descending pain modulation ([@bb0115]; [@bb0260]). Increased signaling from the amygdala to RVM has been implicated in the development of central sensitization within the context of chronic pain ([@bb0275], [@bb0280]; [@bb0285]; [@bb0360]), particularly in the absence of concomitant activity in medial prefrontal cortex ([@bb0250]; [@bb0255]).

Converging lines of evidence point towards alterations in gut epithelial permeability as an important mechanism in altered gut brain communication ([@bb0180]), and such permeability changes are thought to play a key role in the development of central sensitization in IBS ([@bb0010]; [@bb0060]; [@bb0115]; [@bb0120]). Increased gut permeability has previously been implicated in the sensitization of viscerosensory pathways and in the development of chronic visceral hypersensitivity characteristic of IBS ([@bb0010]; [@bb0060]; [@bb0115]; [@bb0120]). However, evidence from human studies to demonstrate a possible role of gut epithelial permeability, and associated brain structure and function in the development of IBS symptoms is currently not available.

In the current study, we investigated, for the first time, the relationship between resting state brain function and in vitro measures of gut barrier function in healthy women and women with moderate to severe IBS. Specifically, we tested for relationships between transcellular permeability (assessed by live bacterial passage of *Salmonella typhimurium*) and paracellular permeability and resting state functional connectivity in the DMN. We hypothesized that in women with IBS, both increased paracellular and transcellular permeability are associated with increased functional connectivity between the DMN and brain regions that play key roles in emotion and endogenous pain modulation, including PAG, RVM, rACC, medial prefrontal cortex, and amygdala compared with healthy women. We further explored whether any IBS symptoms may be mediating factors in the resting state connectivity between the DMN and emotion and pain modulation related brain regions. Finally, to determine the relative stability of any observed changes in resting state DMN functional connectivity associated with changes in gut permeability, we explored the relationship between WM microstructure and gut permeability for both the healthy women and women with IBS.

2. Methods {#s0010}
==========

2.1. Participants {#s0015}
-----------------

Thirty-two women with moderate-to-severe IBS, mean age 32.6 years (range 19--55), meeting Rome III criteria (7 IBS-Diarrhea, 8 IBS-Constipation, 17 IBS-Mixed), were recruited from the Gastroenterology Department, University Hospital in Linköping. IBS subjects reported having IBS-related symptoms for a median of 8 years (range: 1 year - 'whole life'). Fifteen healthy age-matched women, mean age 29.8 years (range 21--48), without medical history of gastrointestinal symptoms or complaints were recruited by advertisement as a control group (HCs). There was a non-significant difference in age between the two groups (t~45~ = 0.93; *p* \< 0.36).

2.2. Study exclusion criteria {#s0020}
-----------------------------

Exclusion criteria for both study groups were any organic gastrointestinal disease, metabolic or neurological disorders, and severe psychiatric disease (e.g., schizophrenia, bi-polar disorder, psychosis, etc.), as well as factors known to affect gut barrier function, including self-reported allergy, self-reported nicotine intake within the previous two months, and self-reported regular NSAID use. All participants were required to be fluent in Swedish.

2.3. Study Approval {#s0025}
-------------------

Participants gave written, informed consent in accordance with the Helsinki Declaration. Approval for the study was granted by the Regional Ethical Review Board in Linköping, Sweden (Dnrs. 2013/506--32; 2014/264--32).

2.4. Study protocol {#s0030}
-------------------

Participants first underwent MR scanning, then had biopsy samples taken via sigmoidoscopy within two weeks of the MR scan. All but three IBS participants met the scheduling requirements for having the biopsy within two weeks after the MR scan (IBS: mean 9 days (1--24); HCs: mean 6 days (1--14)). While the study protocol was designed for a maximum interval between MR scan and sigmoidoscopy of two weeks, failing to meet this requirement was not an exclusion criterion. It is generally accepted that intra-individual intestinal permeability measurements are quite stable over time, with at least three studies observing only minute intra-individual changes in permeability on repeated measures up to eight weeks apart ([@bb0205]; [@bb0370]; [@bb0385]). Thus, we chose to include all participants who completed both the MR scanning and the sigmoidoscopy. However, to control for any potential effects of this time interval, the interval between MR scan and sigmoidoscopy was included as a covariate of no-interest for all subjects in all correlative analyses (as described in [Section 2.11.3](#s0090){ref-type="sec"}).

Prior to the MR scan, all participants were requested to fast for at least four hours (water was acceptable), refrain from taking any IBS-related, pain, or sleep medications for at least 24 h, refrain from consuming alcohol for at least 24 h, and refrain from any sort of bowel preparation for at least 24 h. We note that four IBS participants reported taking histaminergic sleep medications on an as needed basis, however, all self-reported refraining from taking any sleep medications for at least 48 h prior to MR scanning. All participants also underwent a standard MR screening to ensure no contraindications for MR scanning (e.g., metallic or electrical implants, history of claustrophobia, etc.). All participants included in the analyses in the current study were able to meet all inclusion criteria and pre-MRI scan requirements.

2.5. Self-report questionnaires {#s0035}
-------------------------------

### 2.5.1. Screening questionnaires acquired for all participants {#s0040}

The Hospital Anxiety and Depression Scale (HADS) was used as a screening tool for symptoms of anxiety and depression ([@bb0390]). Sum scores ranging from 0 to 21 indicate levels of anxiety and depression, respectively.

The Patient Health Questionnaire (PHQ-15) was implemented to assess the degree of somatization across fifteen different symptoms ([@bb0185]). Sum scores ranging from 0 to 30 indicate levels of symptom severity.

### 2.5.2. Questionnaires acquired for IBS participants {#s0045}

Gastrointestinal (GI) symptom severity was assessed with the IBS Severity Scoring System (IBS-SSS; [@bb0100]), evaluating the severity of abdominal pain, distension, stool frequency, consistency and interference with daily life. Sum scores define mild (75--175), moderate (175--300) and severe cases of IBS (scores \>300).

The Visceral Sensitivity Index (VSI) was used to evaluate GI symptom-specific anxiety in terms of cognitive, emotional and behavioral responses ([@bb0190]). Sum scores range from 0 to 75 with higher scores indicating more severe GI-specific anxiety.

The Coping Strategy Questionnaire (CSQ) was used to assess cognitive and behavioral strategies to cope with pain ([@bb0295]), involving six subscales for cognitive strategies (ignoring pain, reinterpretation of pain, diverting attention, coping self-statements, catastrophizing, praying/hoping) and two subscales for behavioral strategies (increasing activity, increasing pain behavior). Sum scores between 0 and 36 for each subscale indicate how frequently a coping strategy is used. As we were interested primarily in IBS symptomology, we considered those subscales that correlated with IBS-SSS scores with a Spearman\'s rho \> ±0.3. This resulted in only the diverting attention (CSQ-Divert Attention), catastrophizing (CSQ-Catastrophizing), and increased pain behavior (CSQ-Pain Behavior) subscales being used for all subsequent analyses.

2.6. Magnetic resonance imaging {#s0050}
-------------------------------

All MR images were acquired using a 32-channel head coil on a 3 T Philips Ingenia (Philips Healthcare, Best, The Netherlands) located at the Center for Medical Image Science and Visualization (CMIV) at Linköping University, Sweden. Ten minutes of eyes-closed RS-fMRI data were acquired with a single-shot, gradient-echo EPI sequence (TR/TE = 2000/37 ms; voxel = 3.59 × 3.59 × 4 mm^3^; 28 slices; SENSE factor: 2) that effectively covered the whole brain. Diffusion weighted images were acquired using a 64-direction sequence (TR/TE = 9339/82 ms; voxel = 2 mm^3^; b = 1000). T1-weighted images were acquired for all participants to ensure that they were otherwise free from any obvious pathologic abnormalities.

2.7. Sigmoidoscopy {#s0055}
------------------

Flexible sigmoidoscopies were performed by two experienced gastroenterologists (OB, SW) on all participants. Participants were required to fast for eight hours prior to the procedure and perform a colon preparation with an enema early the same morning. The procedure was performed without sedation with scope insertion approximately 30--40 cm ascending from linea dentata. Colonic biopsies were taken with biopsy forceps without a central lance and put directly in ice-cold, oxygenated Krebs buffer (115 mM NaCl, 1.25 mM CaCl~2~, 1.2 mM MgCl~2~, 2 mM KH~2~PO~4~, and 25 mM NaHCO~3~, pH 7.35).

2.8. Epithelial permeability measurements {#s0060}
-----------------------------------------

Complete methods regarding epithelial permeability experiments have been more fully described in our previous study on these same participants ([@bb0035]). Briefly, colonic biopsies were mounted in modified Ussing chambers (Harvard Apparatus Inc., Holliston, MA, USA) ([@bb0125]) as previously described ([@bb0175]). After 40 min of equilibration in Krebs buffer, 34 μCi/mL of the inert paracellular probe ^51^Chromium (Cr)-EDTA (Perkin Elmer, Boston, MA, USA) and 10^8^ CFU/mL live, green fluorescent protein (GFP)-labelled *Salmonella typhimurium*, prepared as previously described ([@bb0175]), were added to the mucosal side of each chamber. Serosal samples were collected at 0, 60 and 120 min and replaced with an equal volume of Krebs buffer. Live bacterial passage of *Salmonella typhimurium* (transcellular permeability) was determined at 488 nm in VICTOR™ *X3* multileader plate reader (Perkin Elmer, Sweden). ^51^Cr-EDTA permeability was measured by gamma-counting (1282 Compugamma, Sweden), calculated during the 60--120 min period and presented as P~app~ (apparent permeability coefficient; cm/s x10^−6^). The transepithelial potential difference (PD), short-circuit current (I~sc~) and the transepithelial resistance (TER) across the tissues were monitored throughout the experiments to ensure tissue viability.

2.9. RS-fMRI analysis {#s0065}
---------------------

The RS-fMRI images were reconstructed on the scanner and preprocessed according to the guidelines laid out for the GIFT group independent component analysis (ICA) toolbox ([@bb0015]). To briefly summarize, using SPM8 (<http://www.fil.ion.ucl.ac.uk/spm>) each participant\'s data were realigned using the INRIAlign tool ([@bb0105]; [@bb0110]), spatially normalized into Montreal Neurologic Institute (MNI) space, and smoothed with an 8 mm FWHM Gaussian kernel. Each participant\'s translation and rotation correction parameters were individually examined to ensure that no participant had significant head motion larger than one voxel in any direction. No participants were excluded for excessive head motion. Spatial normalization into MNI space was initially performed on the mean functional volume for each participant using the standard procedures in SPM8. The calculated normalization parameters were then applied to each functional image set, respectively. The results of the spatial normalization process were also examined for each participant prior to submission to spatial smoothing. Functional connectivity was calculated using the GIFT v4.0a toolbox (<http://icatb.sourceforge.net>; [@bb0065]). A single ICA was performed across all 47 participants using the Infomax algorithm ([@bb0045]), with back reconstruction of single-subject spatial maps from the raw data ([@bb0090]). Forty-five independent components were estimated, as determined using minimum length description (MDL) criteria adjusted to account for correlated samples ([@bb0195]). Stability of the independent components was assured using ICASSO ([@bb0145]; [@bb0195]) with 500 iterations. Spatial regression with a previously published template of the DMN ([@bb0320]) was used to identify the component that most strongly corresponded to the DMN (Fig. A.1). A between-group, voxel-wise two-sample *t*-test was performed on this DMN component to determine whether any IBS-related differences in resting state functional connectivity were present. No significant between-group differences were noted in the DMN itself.

2.10. Diffusion tensor image analysis {#s0070}
-------------------------------------

The diffusion-weighted data were reconstructed on the scanner and processed using standard procedures in the FSL software suite (<https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL>[;]{.ul} [@bb0170]; [@bb0310]; [@bb0380]). Eddy correction was performed by registering the diffusion-weighted images to a common non-diffusion-weighted image using a mutual information cost function as employed in the FLIRT toolbox ([@bb0135]; [@bb0165]; [@bb0160]). The tensor was then estimated, and scalar fractional anisotropy (FA) images, as a measure of WM fiber organization/microstructure integrity reflecting features including axon caliber, fiber density, and myelination, were created for each subject individually. Tract-based spatial statistics (TBSS; [@bb0315]) was used to spatially normalize the data to a common MNI template using the FNIRT toolbox ([@bb0020]) and create group-level maps of FA. A mean FA image calculated from all 47 subjects was used to mask the single subject maps (FA \> 0.2) to focus the analyses on white matter regions.

2.11. Statistical analysis {#s0075}
--------------------------

### 2.11.1. IBS Rome III subgroups {#s0080}

As we previously did not find any relation between the established Rome III IBS subtypes (IBS-C, IBS-D, and IBS-M) and either paracellular or transcellular permeability (results not shown, [@bb0035]), the IBS participants were considered as a single group for all statistical analyses. Specifically, for ^51^Cr-EDTA, we calculated a Kruskal-Wallis H of 1.97 (asymptotic sig. \< 0.37) and for salmonella, a Kruskal-Wallis H of 0.14 (asymptotic sig. \< 0.93).

### 2.11.2. Questionnaire data {#s0085}

As not all measures passed the Shapiro-Wilk normality test, non-parametric statistical methods were used for all between-group comparisons and correlation analyses involving the screening and IBS-specific questionnaire data. Specifically, Mann-Whitney *U* tests were used to assess between group differences. Spearman\'s rho was used to estimate the correlations between the epithelial permeability and IBS questionnaire data. Significance was determined using False Discovery Rate (FDR) correction at a critical q \< 0.05. While not all of the questionnaire data were normally distributed, results are presented as mean ± standard deviation for ease of interpretation and comparison with other published results. All statistical analyses on the behavioral data were performed in SPSS v24 (<https://www.ibm.com/products/spss-statistics>). Graphs were created using GraphPad Prism 7 (<https://www.graphpad.com/scientific-software/prism>).

### 2.11.3. Neuroimaging data {#s0090}

To test for IBS-related differences compared with HCs in the correlation of permeability and DMN functional connectivity and WM microstructure, individual between-group covariate analyses were performed again using permutation analyses as implemented in the PALM tool (<https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/PALM>[;]{.ul} [@bb0375]) with 10,000 iterations on the RS-fMRI and DTI data, respectively. To determine the relationships between permeability and DMN functional connectivity and WM microstructure in each study group (IBS and HCs), separate within-group, whole-brain covariate analyses for the RS-fMRI and DTI data were performed using permutation analyses as implemented in the PALM tool (again with 10,000 iterations). To limit the within-group results to only those regions observed in the between-group results, the within-group results were masked with the between-group results thresholded at *p* \< 0.05, Family Wise Error corrected for comparing across the whole brain. The HADS anxiety and depression sub-scores and the number of days between the MR scan and biopsy were included in all analyses (both between- and within-group) as covariates of no interest for all subjects to statistically control for their respective effects on the brain function and structure. Threshold Free Cluster Enhancement (TFCE; [@bb0305]) was applied. Results from these analyses were considered significant at p \< 0.05, Family Wise Error (FWE) corrected for comparing across the whole brain. All renderings were created using Mango (<http://ric.uthscsa.edu/mango/>; J.L. Lancaster and M.J. Martinez).

### 2.11.4. Path modeling {#s0095}

Path modeling was performed on the paracellular permeability data only, as no significant correlations between the IBS questionnaire data and transcellular permeability were noted. Results (described more fully below [Section 3.4](#s0120){ref-type="sec"}) from the correlation analyses between paracellular permeability and IBS clinical characteristics identified the IBS-SSS, VSI, and CSQ-Pain Behavior as being significantly correlated with paracellular permeability. The simple, total correlation between paracellular permeability and RVM functional connectivity was calculated using the Pearson correlation coefficient to confirm the findings from the whole-brain RS-fMRI covariate analysis. This association was then decomposed into components that were either direct from paracellular permeability to RVM or indirect via the IBS-SSS, VSI score, or CSQ-Pain Behavior using mediation analysis. The decomposition was achieved using path modeling, which included both the direct path between permeability and RVM connectivity, as well as the indirect paths via the three questionnaires listed above. Calculations were performed in Mplus (<https://www.statmodel.com>[/]{.ul}). Due to the uncertainty about the multivariate Normal assumption required by the significance test, formal statistical inference employed a nonparametric bootstrap with 2000 replications. Direct and indirect path coefficients are reported in standardized form.

3. Results {#s0100}
==========

3.1. Screening questionnaires {#s0105}
-----------------------------

Compared with HCs, the IBS subjects had significantly higher scores for somatization (16.1 ± 3.5 vs. 4.3 ± 3.5, p~corrected~ \< 0.0001), anxiety (11.1 ± 3.6 vs. 3.6 ± 2.9, p~corrected~ \< 0.0001), and depression (6.4 ± 4.2 vs. 1.5 ± 1.8, p~corrected~ \< 0.0001). A total of twelve IBS participants showed elevated anxiety scores on the HADS, while five IBS participants were found to have a clinically relevant depression score on the HADS.

3.2. Clinical characteristics of IBS subjects {#s0110}
---------------------------------------------

IBS participants reported IBS-related symptoms in the moderate-to-severe range (343 ± 93.3), elevated GI-specific anxiety (43.5 ± 14.4), and increased use of maladaptive coping skills including catastrophizing (14.4 ± 8.7), maladaptive pain behavior (16.3 ± 6.4), and diverting attention (11.7 ± 6.12).

3.3. Epithelial permeability {#s0115}
----------------------------

As we previously reported ([@bb0035]), the IBS group showed increased paracellular permeability to ^51^Cr-EDTA (1.1 × 10^−6^ cm/s vs. 0.8 × 10^−6^, *p* \< 0.03) and increased transcellular permeability as indexed by live bacterial passage of *Salmonella typhimurium* (1027 ± 495 vs. 332 ± 153, *p* \< 3.5 × 10^−6^) compared to HCs.

The Ussing chamber experiments showed stable PD after equilibration in all biopsies. The active net ion transport, assessed as I~sc~, was similar in biopsies from IBS and HCs (results shown in ([@bb0035]). As previously reported (and reiterated here), there was significantly decreased transepithelial resistance (TER) in biopsies from IBS compared to HCs when experiments were started (22.4 ± 4.6 Ω × cm^2^ vs. 26.2 ± 5.8, *p* \< 0.05). At 90 min from start, TER was still lower in IBS (20.9 ± 4.3) compared to HC (24.3 ± 5.9), however, it did not reach statistical significance (*p* \< 0.07) ([@bb0035]). For both study groups, though, the TER was found to remain stable across the entirety of the experiment. Additionally, as previously reported ([@bb0035]), the addition of *Salmonella typhimurium* was not found to affect either the passage of ^51^Cr-EDTA or the TER.

3.4. Epithelial permeability and IBS clinical characteristics {#s0120}
-------------------------------------------------------------

By correlating the permeability results obtained in the Ussing chamber experiments with the self-report questionnaire data from the IBS subjects, we observed that the paracellular permeability was negatively correlated with self-report scores from the IBS-SSS (Spearman\'s rho = −0.41, *p* \<  0.025), VSI (Spearman\'s rho = −0.42, *p* \< 0.024), and CSQ-Pain Behavior (Spearman\'s rho = −0.502, *p* \< 0.006).

No significant correlations were observed between transcellular permeability and any of the questionnaire data.

3.5. Between-group differences of epithelial permeability and brain features {#s0125}
----------------------------------------------------------------------------

### 3.5.1. Paracellular epithelial permeability {#s0130}

#### 3.5.1.1. Resting state DMN connectivity {#s0135}

We observed significant between-group differences in the correlation between paracellular epithelial permeability and resting-state brain connectivity in the DMN ([Fig. 1](#f0005){ref-type="fig"}A). In line with our hypothesis, we noted differences in DMN connectivity with sensorimotor regions, including bilateral pre−/postcentral gyri, thalamus, supplementary motor area (SMA), and paracentral lobule; emotion processing regions, including the right amygdala ([Fig. 1](#f0005){ref-type="fig"}B) and left orbital frontal cortex; cognitive processing regions, including bilateral middle and inferior frontal gyri; and pain processing regions, including the PAG ([Fig. 1](#f0005){ref-type="fig"}C) and RVM ([Fig. 1](#f0005){ref-type="fig"}D). This cluster within the RVM was localized by comparing its peak stereotactic coordinate with those previously reported in the literature ([@bb0030]; [@bb0245]), as well as direct visual comparison with previously published structural and functional neuroimaging studies investigating the brainstem ([@bb0055]; [@bb0330]; [@bb0325]).Fig. 1**Group differences in correlations between paracellular permeability and resting state functional connectivity in default mode network. A.** Significant between-group differences in the correlation of paracellular permeability and resting state brain function in the DMN. **B.** Scatter plot with linear best-fit lines for the correlation between right amygdala connectivity and ^51^Cr-EDTA passage for the IBS (circles, solid line) and HCs (squares, dashed line). **C.** Scatter plot with linear best-fit lines for the correlation between PAG connectivity and ^51^Cr-EDTA passage for the IBS (circles, solid line) and HCs (squares, dashed line). **D.** Scatter plot with linear best-fit lines for the correlation between RVM resting state connectivity and ^51^Cr-EDTA passage for the IBS (circles, solid line) and HCs (squares, dashed line). The statistical maps shown in **A** are thresholded at *p* \< 0.05, Family Wise Error corrected for comparing across the whole brain. Color bars are scaled in terms of --log~10~(p). Warm colors indicate brain regions with significant positive between-group differences for the (IBS-HCs) contrast; cool colors indicate brain regions with significant negative between-group differences for the (IBS-HCs) contrast.Fig. 1

From the within-group analyses masked with the between-group results, we observed that there was little overlap between the resting state brain features that correlated with paracellular permeability observed in the HCs with those in the IBS subjects, indicating significant IBS-related alterations. In general, HCs showed increased correlation between permeability and resting state brain function in a more diverse and distributed set of brain regions compared to the IBS subjects ([Fig. 2](#f0010){ref-type="fig"}A-B). We noted a few key differences, though. Most notably, increased functional connectivity of the right amygdala was correlated with decreasing permeability in IBS subjects, whereas no relationship between amygdala and permeability was found for the HCs ([Fig. 1](#f0005){ref-type="fig"}B). In HCs, decreased paracellular permeability was associated with increased connectivity between the DMN and PAG, while no such relationship between DMN and PAG was observed in the IBS subjects ([Fig. 1](#f0005){ref-type="fig"}C). There were also a few points of overlap between the brain features observed in HCs and those observed for IBS. The main region showing overlap between the HCs and the IBS subjects was found in the RVM ([Fig. 1](#f0005){ref-type="fig"}D). Within the RVM, HCs showed a positive correlation between brain connectivity with permeability, whereas the IBS subjects showed a negative correlation between these parameters.Fig. 2**Correlations between paracellular permeability and brain function in healthy controls and women with IBS. A.** Significant whole-brain correlations between levels of ^51^Cr-EDTA passage (paracellular permeability) and resting state brain function in the DMN for the HCs. **B.** Significant whole-brain correlations between levels of ^51^Cr-EDTA passage and resting state brain function in the DMN for the IBS patients. All statistical maps are thresholded at p \< 0.05, Family Wise Error corrected for comparing across the whole brain and masked with the significant group-difference results shown in [Fig. 1](#f0005){ref-type="fig"}A. Color bars are scaled in terms of -log~10~(p). For the statistical maps shown, warm colors indicate brain regions with increased resting state functional connectivity with increased paracellular passage of ^51^Cr-EDTA; cool colors indicate regions with increased functional connectivity with decreased paracellular passage of ^51^Cr-EDTA.Fig. 2

#### 3.5.1.2. White matter microstructural integrity (fractional anisotropy) {#s0140}

We noted significant between-group differences in the correlation of epithelial permeability and FA across numerous major white matter tracts ([Fig. 3](#f0015){ref-type="fig"}A). Among the association fibers, between-group differences were found in bilateral cingulum bundles (both cingulate and hippocampal aspects), bilateral superior longitudinal and superior fronto-occipital fasciculi, and fornix. Among the commissural fibers, differences were observed in all aspects of the corpus callosum (genu, body, and splenium). Positive between-group differences, though, were most numerous in the projection fibers, including bilateral anterior, posterior, and superior corona radiata; anterior, posterior, and retrolenticular limbs of the internal capsule; cerebral peduncle; inferior, middle, and superior cerebellar peduncle; right medial lemniscus; right corticospinal tract; and bilateral posterior thalamic radiation. Negative between-group differences were observed in left anterior and posterior corona radiata, right superior corona radiata, right posterior thalamic radiation, right corticospinal tract, left superior longitudinal fasciculus, splenium of the corpus callosum, and middle cerebellar peduncle.Fig. 3**Correlations between paracellular permeability and white matter microstructural integrity. A.** Significant between-group differences in the correlation of paracellular permeability and fractional anisotropy (FA). **B.** Significant whole-brain correlations between levels of ^51^Cr-EDTA passage and WM microstructure as quantified by FA for the HCs. **C.** Significant whole-brain correlations between levels of ^51^Cr-EDTA passage and WM microstructure as quantified by FA for the IBS patients. All statistical maps are thresholded at p \< 0.05, Family Wise Error corrected for comparing across the whole brain. Color bars are scaled in terms of --log~10~(p). For the statistical maps shown in **A**, warm colors indicate WM tracts with significant positive between-group differences for the (IBS-HCs) contrast; cool colors indicate WM tracts with significant negative between-group differences for the (IBS-HCs) contrast. For the statistical maps shown in **B--C**, results are masked with significant group-differences shown in **A.** Warm colors indicate WM tracts with increased FA with increased paracellular passage of ^51^Cr-EDTA; cool colors indicate tracts with increased FA with decreased paracellular passage of ^51^Cr-EDTA.Fig. 3

When examining the within-group results masked with the between-group results, we note that the HCs have increased FA with increased epithelial permeability in a number of association fibers including fornix and bilateral superior and inferior longitudinal fasciculi; commissural fibers including all aspects of the corpus callosum; and projection fibers including bilateral corona radiata, cerebral and cerebellar peduncles, corticospinal tracts, thalamic radiations, and internal and external capsules ([Fig. 3](#f0015){ref-type="fig"}B). Increased FA in relation to decreased epithelial permeability was observed in many of these same tracts for the IBS patients, specifically noting increased FA in relation to decreased epithelial permeability in the hippocampal aspect of the left cingulum bundle, the fornix cres, and numerous projection fibers including, bilateral corona radiata (anterior, posterior, and superior), cerebral and cerebellar peduncles, bilateral corticospinal tracts, bilateral thalamic radiations, and bilateral internal and external capsules ([Fig. 3](#f0015){ref-type="fig"}C). Only limited significant within-group clusters for increased FA in relation to decreased epithelial permeability were noted for the HCs. Similarly, only a few significant clusters for increased FA in relation to increased epithelial permeability were noted for the IBS participants.

### 3.5.2. Transcellular epithelial permeability {#s0145}

#### 3.5.2.1. Resting state DMN connectivity {#s0150}

As with paracellular permeability, the between-group analysis on transcellular permeability revealed a number of brain regions exhibiting significant differences in the correlation of transcellular permeability with resting state connectivity of the DMN ([Fig. 4](#f0020){ref-type="fig"}A). We observed between-group differences in sensorimotor regions including bilateral pre−/postcentral gyri, SMA, and paracentral lobule; emotion processing regions including the anterior cingulate cortex, insula, and orbital frontal cortex; cognitive processing regions including middle and inferior frontal gyri; and pain processing regions including pons and RVM.Fig. 4**Correlations between transcellular permeability and resting state functional connectivity in default mode network. A.** Significant between-group differences in the correlation of transcellular permeability and resting state brain function in the DMN. **B.** Significant whole-brain correlations between levels of *Salmonella typhimurium* passage (transcellular permeability) and resting state brain function in the DMN for the HCs. **C.** Significant whole-brain correlations between levels of *Salmonella typhimurium* passage and resting state brain function in the DMN for the IBS patients. The statistical maps shown in **A** are thresholded at p \< 0.05, Family Wise Error corrected for comparing across the whole brain. Color bars are scaled in terms of --log~10~(p). Warm colors indicate brain regions/WM tracts with significant positive between-group differences for the (IBS-HCs) contrast; cool colors indicate brain regions/WM tracts with significant negative between-group differences for the (IBS-HCs) contrast. For the statistical maps shown in **B--C**, results are masked with significant group-differences shown in A. Warm colors indicate WM tracts with increased FA with increased transcellular passage of *Salmonella typhimurium*; cool colors indicate tracts with increased FA with decreased transcellular passage of *Salmonella typhimurium*.Fig. 4

In contrast, the within-group results masked with the between-group results indicated more overlap between the changes in DMN connectivity observed for HCs with those observed for IBS compared with the epithelial permeability results. Within the regions observed in the between-group results, only limited group by permeability interactions were observed. The HCs exhibited increased correlation between transcellular permeability and RS functional connectivity between DMN and bilateral orbital frontal cortices; decreased correlation between transcellular permeability and RS functional connectivity between DMN and small clusters in ACC, pre−/postcentral gyri, middle frontal gyri, and RVM ([Fig. 4](#f0020){ref-type="fig"}B). In contrast, we observed increased correlation between transcellular permeability and DMN connectivity in small clusters in SMA, MFG, and pons in the IBS participants ([Fig. 4](#f0020){ref-type="fig"}C). The only region exhibiting decreased correlation between transcellular permeability and DMN functional connectivity in the IBS participants was in the left insula.

#### 3.5.2.2. White matter microstructural integrity {#s0155}

We noted significant between-group differences in the correlation of transcellular permeability and FA across numerous major white matter tracts ([Fig. 5](#f0025){ref-type="fig"}A). For association fibers, between-group differences were found in bilateral cingulum bundles; bilateral superior longitudinal, superior fronto-occipital, and inferior longitudinal fasciculi; and fornix. Among the commissural fibers, differences were observed in all aspects of the corpus callosum (genu, body, and splenium). Positive between-group differences were again most numerous in the projection fibers, including bilateral anterior, posterior, and superior corona radiata; anterior, posterior, and retrolenticular limbs of the internal capsule; cerebral peduncle; inferior, middle, and superior cerebellar peduncle; right medial lemniscus; bilateral corticospinal tract; and bilateral posterior thalamic radiation. Negative between-group differences were observed in aspects of the cingulum bundles, including those in the region of the cingulate gyrus and hippocampus, the splenium of the corpus callosum, bilateral corona radiata (anterior, posterior, and superior), bilateral corticospinal tracts, left retrolenticular part of the internal capsule, and middle cerebellar peduncle.Fig. 5**Correlations between transcellular permeability and white matter microstructural integrity. A.** Significant between-group differences in the correlation of transcellular permeability and fractional anisotropy (FA). **B.** Significant whole-brain correlations between levels of *Salmonella typhimurium* passage and WM microstructure as quantified by FA for the HCs. **C.** Significant whole-brain correlations between levels of *Salmonella typhimurium* passage and WM microstructure as quantified by FA for the IBS patients. All statistical maps are thresholded at p \< 0.05, Family Wise Error corrected for comparing across the whole brain. Color bars are scaled in terms of --log~10~(p). For the statistical maps shown in **A**, warm colors indicate WM tracts with significant positive between-group differences for the (IBS-HCs) contrast; cool colors indicate WM tracts with significant negative between-group differences for the (IBS-HCs) contrast. For the statistical maps shown in **B--C**, results are masked with significant group-differences shown in **A.** Warm colors indicate WM tracts with increased FA with increased transcellular passage of *Salmonella typhimurium*; cool colors indicate tracts with increased FA with decreased transcellular passage of *Salmonella typhimurium*.Fig. 5

Results from the within-group analyses masked with the between-group results indicated that the HCs were driving most of these between-group differences, with some key clusters of divergence observed in the IBS group. The HCs exhibited increased FA in relation to increased transcellular permeability in bilateral superior and inferior longitudinal fasciculi, the body and splenium of the corpus callosum, bilateral corona radiata, middle cerebellar peduncles, and right thalamic radiations ([Fig. 5](#f0025){ref-type="fig"}B). The IBS participants exhibited increased FA correlated with increased transcellular permeability in the left superior longitudinal fasciculus, the genu and splenium of the corpus callosum, the middle cerebellar pedunle, and the posterior thalamic radiation ([Fig. 5](#f0025){ref-type="fig"}C). One key area of divergence from the HCs exhibiting increased FA in relation to decreased transcellular permeability in the IBS group was noted in the right cingulum bundle (hippocampus). Increased FA in relation to decreased transcellular permeability was also observed in right anterior and posterior internal capsule and bilateral cerebral peduncles in the IBS participants.

### 3.5.3. Associations in gut permeability, RS connectivity, and IBS symptoms {#s0160}

To explore if the association between paracellular permeability and RS brain function is related to clinical and behavioral parameters in the IBS participants, a path analysis was performed ([Fig. 6](#f0030){ref-type="fig"}). We chose to model the direct effects of paracellular permeability on RVM resting state functional connectivity, given that nuclei in this region play an important role in endogenous pain modulation. In selecting relevant clinical and psychological symptoms to use for modeling indirect effects, we chose the three self-report questionnaires that correlated most strongly with levels of paracellular permeability. These were the IBS-SSS (Spearman\'s rho = −0.41, *p* \< 0.025), VSI (Spearman\'s rho = −0.42, *p* \< 0.024), and CSQ-Pain Behavior (Spearman\'s rho = −0.502, *p* \< 0.006). The results of the path modeling indicated that there was a significant total effect of permeability on RVM connectivity (−0.603 ± 0.134, *p* \< 0.001), identical to what we observed with the resting state DMN connectivity results ([Fig. 1](#f0005){ref-type="fig"}D). This total effect could be divided into a significant direct effect (−0.399 ± 0.174, *p* \< 0.022) and a trend-level indirect effect (−0.204 ± 0.11, *p* \< 0.062). The indirect effect was almost entirely driven by the CSQ-Pain Behavior sub-score (−0.203 ± 0.090, p \< 0.024). The indirect effects of the IBS-SSS and VSI total score were non-significant (*p* \> 0.3). These observations concerning the indirect effects suggest that the influence of paracellular permeability on RVM connectivity may be modulated by the degree to which the IBS subjects report engaging in maladaptive pain behaviors, rather than symptom severity or visceral specific anxiety.Fig. 6**Causality between gut and brain function in IBS. A.** Graphs of those self-report questionnaires exhibiting significant correlations with levels of ^51^Cr-EDTA passage in the IBS participants only. From left to right, these questionnaires were IBS-SSS, VSI, and the CSQ-Pain Behavior subscale. **B.** Causal path model used to assess the mediating effects of the three questionnaires shown in **A** on the effect of permeability on resting state functional connectivity in the RVM for the IBS patients only. Solid arrows indicate direct effects; dashed arrows indicate indirect effects. Significant and trend-level (*p* \< 0.01) coefficients are shown in standardized form.Fig. 6

4. Discussion {#s0165}
=============

We observed statistically robust differences in the correlations between measures of paracellular and transcellular epithelial permeability and structural and functional brain features between women with moderate-to-severe IBS and healthy women. Functionally, these between-group differences were readily identifiable at rest and represented a distributed set of cortical, sub-cortical, cerebellar, and brainstem structures that corresponded with those previously linked to default mode, cognitive, sensorimotor, salience, central autonomic, pain, and emotional processing, as well as in many of the major white matter tracts connecting these regions. Functionally, these brain features were linked to resting-state activity within the DMN, providing the first direct evidence that changes in gut permeability may be tightly linked to the self-referential processing characteristic of the DMN. Structurally, the WM fiber organization among many of these regions was also enhanced, suggesting that the observed pattern of communication among these brain regions may reflect persistent regional alterations in brain function. Previous research in adults has demonstrated positive associations between WM microstructure and resting state functional connectivity of the DMN ([@bb0075]) and between the amygdala and ventromedial PFC and rACC ([@bb0155]), indicating a relationship between functional and structural connectivity at rest both within a canonical resting-state network and between specific brain regions.

4.1. Brain and gut permeability interactions in health {#s0170}
------------------------------------------------------

The associations between paracellular and transcellular permeability and brain structure/function were not identical, suggesting that both paracellular and transcellular permeability can independently affect brain features and should both be considered as potential facilitatory mechanisms for brain-gut interactions. In addition to confirming our hypothesis of the role of cognitive, default mode, sensorimotor, salience, emotion, and central autonomic processing regions would be associated with gut epithelial permeability, we also noted that increases and decreases in both paracellular and transcellular permeability were related to increased connectivity between the DMN and pain processing regions, particularly in the brainstem. Previous reviews of brain-gut interactions in functional gastrointestinal disorders, such as IBS, have focused on pain processing regions, such as PAG, primarily in relation to the brain\'s response to rectal distention and rectal hypersensitivity. That these pain-related brainstem regions ([@bb0095]; [@bb0230]; [@bb0300]; [@bb0335]) are apparent in healthy women with no reported history or complaints of chronic pain or gastrointestinal pain suggests that these regions may play a role in the normal processing of ascending visceral afferent signaling. Finally, given the key role changes in gut epithelial permeability play in facilitating brain-gut interactions, studies examining the effects of changes in gut function on brain function and structure in health and disease may need to consider the role that gut epithelial permeability plays in brain function and structure.

4.2. Brain and gut permeability interactions in IBS {#s0175}
---------------------------------------------------

Contrary to our primary study hypothesis, IBS participants with lower levels of paracellular permeability exhibited increased resting state functional connectivity between the DMN and predominantly emotion and pain processing regions. The combination of functional connectivity among the right amygdala and RVM, in particular, would seem to suggest that these subjects, despite having no evidence for increased paracellular permeability, have a compromised endogenous pain inhibition system ([@bb0115]). We did not observe increased connectivity between the RVM and DMN for IBS participants with lower levels of live bacterial passage, suggesting perhaps that paracellular permeability may represent a more prevalent path to central sensitization than live bacterial passage. The increased connectivity between DMN and primarily cognitive and sensorimotor brain regions in relation to both increased paracellular permeability and live bacterial passage would suggest, though, that IBS participants with increased permeability may more effectively engage their endogenous pain inhibition systems. However, we note that no evidence for increased connectivity between DMN and PAG, a key descending pain inhibitory region, in the IBS group in association with either paracellular or transcellular permeability, suggesting that even IBS participants with elevated gut permeability may still exhibit some level of imbalance between the endogenous pain inhibitory and facilitatory mechanisms despite generally reporting fewer IBS-related symptoms. We further observed in the exploratory analyses relating gut permeability and WM microstructure that lower levels of permeability (both paracellular permeability and live bacterial passage) were associated with increased fiber organization in major tracts connecting the spinal cord and brainstem to the cortex and cerebellum, suggesting an increased reliance on these projection fibers that communicate ascending and descending signals from and to the spinal cord. While increased gut permeability was also associated with increased fiber organization in some of these same projection fibers, the pattern of results was much less extensive.

Ultimately, the differences in brain gut interactions in relation to levels of paracellular and transcellular permeability suggest that both top-down and bottom-up mechanisms are involved IBS pathophysiology. Particularly, for paracelluar permeability, the results suggest the existence of two potential new sub-groups of IBS patients, those with elevated paracellular permeability and those with more normal levels of paracellular permeability. For the IBS participants with elevated paracellular permeability, the brain may engage descending pain inhibition systems, responding to enhanced visceral signaling related to low-grade immune activation induced by increased paracellular passage. This is supported by our recently published observations from this same subject population, showing that mast cell degranulation was also negatively correlated with IBS-SSS (like paracellular permeability), suggesting that IBS participants with elevated paracellular permeability may exhibit low-grade immune activation ([@bb0035]). For the IBS participants with more normal levels of paracellular permeability and absence of immune activation in the gut, the brain may not engage this endogenous pain inhibition system, and pain facilitatory mechanisms may dominate, as previously described ([@bb0210]). For paracellular permeability, the path analysis results further indicate that in addition to a strong bottom-up component, there may be an additional top-down mechanism related to the use of adaptive versus maladaptive coping skills.

4.3. Limitations {#s0180}
----------------

The current study has a number of limitations. Firstly, the study sample size was small, making it difficult to fully elucidate the roles of either transcellular or paracellular permeability as a potential variable in IBS pathophysiology. Secondly, it was cross-sectional, such that only limited conclusions about causality can be made concerning the respective roles of transcellular and paracellular permeability and the brain in IBS symptom generation. As the study subjects reported moderate to severe symptoms, the findings need to be replicated in subjects with mild symptoms. Thirdly, due to the small sample size, we were unable to consider the role of menstrual cycle may have on both the measured brain features and their relationships with colonic permeability. At least one study has shown that DMN connectivity can change throughout the hormonal cycle ([@bb0265]), however, a second study examining the relationship between pain perception and the menstrual cycle found no association ([@bb0365]). Future studies should, in a larger sample, examine the role that the menstrual cycle may have on these results. Fourthly, as described in the Methods, the RS-fMRI data were acquired in an eyes-closed state, so care should be taken in comparing these results with those acquired in an eyes-open state. Similarly, we cannot guarantee that all participants were in a stable wakeful state during the entire RS-fMRI scan, so, as is unavoidable in most RS-fMRI scans ([@bb0340]), the results presented here may be contaminated with periods of sleep. Finally, the relationship between the brain and permeability is a bidirectional process involving top-down and bottom-up mechanisms, including autonomic nervous system modulation of permeability, which the current study was not designed to explore. Future studies should look at the etiology of the increased permeability in one of the IBS subgroups, and to confirm the hypothesis that mucosal immune activation is associated with increased permeability in this group.

5. Conclusions {#s0185}
==============

The results from this study support the existence of structural and functional alterations in brain networks in female IBS participants, which are associated with changes in both paracellular and transcellular permeability. These associations between functional and structural brain features and gut permeability were significantly altered in IBS compared with the age-matched cohort of healthy women. The findings further suggest the potential existence of IBS subgroups, which differ in the way the brain and the gut interact. These differential brain responses may explain the inconsistency in previous reports about correlations of increased permeability with IBS symptoms and may have implications for differential treatment responses targeted at peripheral mechanisms.
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